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Abstract: A theoretical investigation of the thermal performance (coefficient of performance COP and specific cooling 
power SCP) of a two bed Adsorption Ice Production AIP system based on the Silica gel-methanol as adsorbent-
refrigerant in the first bed and activated carbon-methanol in the second bed is presented in this paper. Two fined-tube 
heat exchangers were designed (named SG-bed and AC-bed) in order to generate the same desorbed refrigerant 
amount of 1 kgmeth and to contain two different adsorbents. The mass transfer limitations from both the two beds and the 
heat transfer ability between the particles of adsorbents and heat exchanger fins are taken into account in the simulated 
model based on the linear driving force LDF model. To desorb 1 kgmeth from the SG-bed and AC-bed a cycle simulation 
computer program of the AIP system was developed to investigate the effect of desorption temperature Tdes, adsorption 
temperature Tads and the effect of difference of the required desorption/adsorption time on the system performance and 
on the amount of the ice produced per cycle mice. In the present simulations, the variation of the heat source temperature 
from 65 to 100 oC and chilled water temperature from 15 oC to 25 oC are taken. The results showed, that the AIP system 
attains a coefficient of performance COP of 66 % when the AC-bed is working and attains of 44 % when the SG-bed is 
working. The amount of the ice produced from the system estimated to 6kg per cycle (3 kg is produced from each of 
bed), but the Qin input energy required to activate the AC-bed has been saved by 46 % compared with that required to 
activate the SG-bed. Although each of the adsorbent beds was filled with different amount of the sorption material, it is 
found that the mass of the sorption materials inside the both beds has no effect on the cycle time but has important effect 
on the specific cooling power SCP. The cycle time is strongly dependent on driven temperature of heat exchange fluid, 
the design of the heat exchanger and the mass transfer coefficient of sorption material Dso. An experimental set up is 
planned to be built to make validation of the simulation results. 
Keywords: Adsorption refrigeration machine, adsorption ice production (AIP) system, different adsorbents activated 
carbon and silica gel, sorption reactor, thermal analysis. 
1. INTRODUCTION 
Adsorption refrigeration systems are an 
environmentally friendly feasible and alternative 
technology to the traditional systems [1], because they 
employ safe and non-polluting refrigeration [2], which 
can be driven by low-grade energy and have the 
advantages of mechanical simplicity and high reliability. 
As a result, it has been attracted much research 
attention in recent years [3]. The idea of these devices 
is the reversible physical sorption of a vapor on the 
surface of a porous solid (desorption of the refrigerant 
when exposed to heat and adsorption of it during 
cooling) [4, 5].  
A big obstacle to development of adsorption 
refrigeration technology is the low coefficient of 
 
 
*Address correspondence to this author at the Ilmenau Univesity of 
Technology, Faculty of Mechanical Engineering, Institute of Thermodynamics 
and Fluid Dynamics, Helmholzring 1, 98693 Ilmenau, Germany;  
Tel: +49367769-2414; E-mail: majd.ali@tu-ilmenau.de 
performance and the long cycle time to generate the 
refrigerant which differs based on the working pairs 
used and the driving temperature. Another problem is 
that the simplest cycle of an adsorption cooling system 
works intermittently [6], because the sorption reactor 
can’t work as desorber and adsorber at the same time, 
which requires time to desorb and adsorb the circulated 
refrigerant into the condenser and from the evaporator. 
This means the amount of cold produced per cycle is 
smaller compared with the cooling systems which work 
continuously. Research efforts by previous investiga-
tors have therefore been focused on improving the 
performance and finding new composite sorption 
materials [7]. To produce continuous refrigeration 
power, multi-bed adsorption cooling systems have 
been designed [6].  
The performance of the adsorption refrigeration 
systems affected mainly by the operating conditions 
and the refrigeration energy which strongly dependents 
on the adsorbent-adsorbate properties such as the 
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equilibrium adsorbate concentration by adsorbent Xeq 
[kg/kg]. Many researchers have been interested in 
studying the effect of operating conditions on the 
adsorption cooling system based on thermodynamic 
analyses. Numerical and experimental study has been 
conducted to investigate the adsorption cooling system 
with the different working pairs of adsorbent-adsorbate 
[8, 9]. 
Oertel and Fischer have experimentally investigated 
two adsorption cooling systems, the first employs with 
silica gel-water and the second employs with silica gel- 
methanol as working pairs. They found the lower 
operation temperature and the faster operation period 
is for silica gel-methanol system [10]. 
The analysis of the cooling and adsorption 
processes was investigated by Ogueke and Anyanwu. 
The study showed that low condenser pressure 
increases the adsorption process while the evaporator 
pressure should be high to increase the adsorption 
process. They found also the optimum value of initial 
concentration of methanol was 0.21 [kg/kg] to obtain 
the best adsorbing of adsorbate (the maximum 
concentration was about 0.29 [kg/kg]). The produced 
ice increased from 0 to about 0.4 [kgice/kgsorbent] [11]. 
Khan, Sultana, Akisawa and Kashiwagi have 
investigated a numerical simulation of advanced 
adsorption chiller and they could improve the 
performance of the chiller using the mass recovery 
[12]. Cho and Kim performed theoretical and 
experimental studies on a silica gel–water adsorption 
cooling system. The heat transfer rate of the condenser 
was found to be the most sensitive parameter having 
influence on the cold generation capacity [13]. Thermal 
analysis of an activated carbon solar icemaker has 
been experimentally studied by Naef, Qasem, Maged 
and Shaarawi. The results showed that the system 
performance in winter is better than in summer under 
the climate conditions for the city Dhahran [14].  
Liu and Leong have analytically investigated the 
influence of operating conditions on the performance of 
an adsorption cooling system based on the zeolite 13X-
water working pair [15]. A simple thermodynamic 
differential analysis for ice machine working with 
activated carbon-methanol has been developed by H. 
Z. Hassan. It is found the system attains a refrigeration 
performance of 61 % with a refrigeration effect 
produced inside the evaporator estimated to 12.15 MJ 
per cycle [16]. A computational fluid dynamics (CFD) 
transient simulation of finned tube type adsorber/ 
desorber employing activated carbon-ethanol was 
analytically and experimentally studied by Skandar, 
Takahiko, Bidyut and Shigeru. Simulation results 
showed that temperature and pressure profiles agree 
fairly with experimental data at lower adsorbent 
thicknesses. Moreover, it is found that adsorption 
kinetics restricted the amount adsorbed to 45 % of 
possible amount for adsorption/desorption time of 350s 
[17]. 
Li and Wang studied theoretically and 
experimentally heat and mass transfer in an adsorbent 
bed for a flat plate solar adsorption ice-maker. 10 kg of 
methanol and 42 kg of activated carbon were used in a 
rectangular adsorbent bed of 1.5 m2 solar collector. The 
experimental analysis was done by constructing a 
device in lab and simulating the solar radiation by 
means of quartz lamps. The investigation showed that 
the numerical results from the theoretical study were in 
agreement with the experimental results at COP of 
0.125 and 0.132 and amounts of produced ice were 8 
and 7.8 kg for 30.24 and 29 MJ of incident solar 
radiation, respectively [18]. 
According to working pair comparisons, for low-
grade temperature sources, the appropriate pairs for 
cooling purposes are activated carbon-methanol and 
zeolite-water [19]. However the zeolite-water pair is not 
utilized for freezing. So the suitable pair that can be 
used to produce ice is activated carbon-methanol. 
Methanol has a higher operation pressure compared 
with water under the same temperature [19]. Activated 
carbon is a substance of crystalline form having large 
internal pore structures with surfaces greater than 500 
m2/gr. There are many forms of activated carbon such 
powders, granulated, molecular sieves and carbon 
fibers [20]. Due to a lower specific heat capacity Cp 
and a faster sorption kinetic of the silica gel particles 
[10], the second sorption reactor was filled with silica 
gel in the AIP system. The silica gel is a type of 
amorphous synthetic silica. It is a rigid, continuous net 
of colloidal silica, connected to very small grains of 
hydrated SiO4. The pore diameters of common silica 
gel are 0.7-3 nm and the specific surface area is about 
100-1000 m2/gr [21]. 
Activated carbon AC with methanol as a working 
pair is broadly used in adsorption refrigeration systems 
due to the high adsorption/desorption concentration X, 
which reaches 0.45 [kgmeth/kgAC] and low desorption 
heat, which is about 1800-2000 [kJ/kg]. Moreover, 
adsorbate uptake capacity of activated carbon is more 
than that of silica gel. The other important factor is 
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density of the sorption material which affects the 
volume of adsorption reactor. Density of activated 
carbon is about 500 kg/m3, whereas density of silica 
gel is about 750 kg/m3. Therefore, the needed amount 
of activated carbon is smaller than the amount of silica 
gel inside the same volume of adsorption reactor [22]. 
The system of activated carbon-methanol and silica 
gel-methanol needs low grade heat source [23, 24]. On 
the other hand, methanol operates at sub atmospheric 
pressure; the low-pressure system is suitable to utilize 
the adsorption cold system as ice maker [20]. In this 
study, the analytical investigation of the two bed-AIP 
system is presented. The first sorption bed is filled with 
silica gel-methanol as working pair and the second bed 
is filled with activated carbon-methanol, because of the 
inferior thermodynamic properties of methanol and the 
low regeneration temperature from silica gel and 
activated carbon as adsorbents. 
 
Figure 1: Schematic diagram of two- bed AIP system. 
Usually the conventional adsorption systems work 
using one sorption material with adsorbate as working 
pairs, but the AIP system in this study comprises with 
two sorption reactors, that the first sorption reactor was 
filled by silica gel as adsorbent and the second sorption 
reactor by activated carbon. Methanol was used as 
adsorbate and refrigerant with both the beds. The 
working principle of the system will be explained in the 
following section. 
This study allows using the advantages of physical 
properties of both adsorbents SG and AC. Con-
sequently, this innovative AIP system utilizes effectively 
low-temperature heat sources of temperature between 
65 and 100 oC, because of the inferior thermodynamic 
properties of methanol and the low regeneration 
temperature from silica gel and activated carbon as 
adsorbents. This strategy is completely different from 
the conventional adsorption reactors, which are filled 
with one adsorbent in one bed or in two beds. This 
research presents a simulation of activated carbon-
/silica gel-methanol finned tube adsorption cold system. 
Future works will focus on enhancing the specific 
cooling power SCP, the coefficient of performance COP 
and saving of the required input heat by increasing the 
mass flow rate of refrigerant 
 
mref  from 0 to 1 kgmeth to 
achieve higher performance in terms of refrigeration 
capacity. Moreover, the impact of difference time for 
SC-cycle and AC- cycle and the desorption 
temperature inside the sorption reactor on the 
performance and on the amount of produced ice mice 
are considered. 
2. THERMODYNAMIC CYCLE AND WORKING 
PRINCIPLE OF AIP SYSTEM 
The Adsorption Ice Production (AIP) system is 
similar to the basic vapor compression refrigeration 
machines except that the power compressor is 
replaced by a thermally driven compressor which is the 
sorption reactor [19]. The sorption reactor is composed 
of a solid medium that has affinity to physically adsorb 
and desorb the refrigerant vapor. The other main 
components of the system studied are a condenser, an 
evaporator, a throttling device and 4 one-way control 
valves. This components of the system studied are 
shown also in Figure 1.  
This suggested strategy is different from the 
conventional adsorption reactor which works using one 
working pair of adsorbent/refrigerant. Its working 
principle will be explained in the following section. The 
basic adsorption refrigeration thermodynamic cycle is 
 
Figure 2: Clapeyron diagram for the basic Adsorption Ice 
Production thermodynamic cycle. 
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ill u str at e d o n t h e c o n c e pt u al Cl a p e yr o n di a gr a m, 
s h o w n i n Fi g ur e 2 . T h e c y cl e of t h e AI P s y st e m 
c o n si st s m ai nl y of t h e s e pr o c e s s e s: 
   1 → 2 I s o st eri c h e ati n g a n d pr e s s uri z ati o n 
pr o c e s s at t h e c o n st a nt hi g h er c o n c e ntr ati o n of 
m et h a n ol i n t h e a cti v at e d c ar b o n p arti cl e s i n t h e 
fir st a d s or pti o n r e a ct or. 
   1` → 2` I s o st eri c h e ati n g a n d pr e s s uri z ati o n 
pr o c e s s at t h e c o n st a nt hi g h er c o n c e ntr ati o n of 
m et h a n ol i n t h e sili c a g el p arti cl e s i n t h e s e c o n d 
a d s or pti o n r e a ct or. 
   2 → 3 I s o b ari c h e ati n g a n d d e s or pti o n pr o c e s s 
fr o m t h e a cti v at e d c ar b o n p arti cl e s. 
   2` → 3` I s o b ari c h e ati n g a n d d e s or pti o n pr o c e s s 
fr o m t h e sili c a g el p arti cl e s.  
   3 → 4 I s o st eri c c o oli n g a n d d e pr e s s uri z ati o n 
pr o c e s s at t h e c o n st a nt l o w er c o n c e ntr ati o n of 
m et h a n ol i n t h e a cti v at e d c ar b o n a d s or b e nt. 
   3` → 4` I s o st eri c c o oli n g a n d d e pr e s s uri z ati o n 
pr o c e s s at t h e c o n st a nt l o w er c o n c e ntr ati o n of 
m et h a n ol i n t h e sili c a g el p arti cl e s. 
   4 → 1 I s o b ari c c o oli n g a n d a d s or pti o n pr o c e s s f or 
t h e A C- a d s or b e nt. 
   4` → 1 I s o b ari c c o oli n g a n d a d s or pti o n pr o c e s s 
f or t h e S G- a d s or b e nt. 
   A → B  c o n d e n s ati o n  pr o c e s s  at  c o n st a nt 
c o n d e n s er pr e s s ur e. 
   C → D  e v a p or ati o n  pr o c e s s  at  c o n st a nt 
e v a p or at or pr e s s ur e. 
At t h e b e gi n ni n g of t h e c y cl e f or A C- s or pti o n r e a ct or, 
st at e 1 , t h e A C- s or pti o n r e a ct or i s i s ol at e d fr o m b ot h 
t h e c o n d e n s er a n d t h e e v a p or at or b y t h e v al v e s V1
V ¢1
 a n d 
 a n d t h e A C- b e d wit h t h e s or pti o n m at eri al of 
a cti v at e d c ar b o n i s c o m pl et el y c h ar g e d a n d s at ur at e d 
wit h t h e r efri g er a nt ( m et h a n ol). T h e pr e s s ur e i n si d e t h e 
h e at e x c h a n g er i niti all y e q u al s t h e e v a p or at or pr e s s ur e 
P e v a p  a n d it s t e m p er at ur e i s u nif or m a n d e q u al s t h e 
a m bi e nt t e m p er at ur e T a m b
1 ® 2
. W h e n t h e h ot w at er fl o w s 
i nt o t h e A C- b e d, b ot h pr e s s ur e a n d t e m p er at ur e i n si d e 
t h e h e at e x c h a n g er ar e el e v at e d d u e t o t h e a d s or b at e 
( m et h a n ol) d e s or pti o n fr o m t h e a d s or b e nt p arti cl e s. 
D uri n g t h e st e p 
Q ¢1 ¢2A C
, t h e A C- h e at e x c h a n g er 
t hr o u g h a n i s o st eri c pr e- h e ati n g pr o c e s s a b s or b s h e at 
i n a m o u nt of 
¢1 ® ¢2
 fr o m a n e xt er n al h e at s o ur c e. D uri n g 
t h e st e p , t h e S G- h e at e x c h a n g er t hr o u g h a n 
i s o st eri c pr e- h e ati n g pr o c e s s al s o a b s or b s h e at i n 
a m o u nt of  fr o m t h e s a m e e xt er n al h e at s o ur c e. 
T h e c o n st a nt c o n c e ntr ati o n pr e h e ati n g pr o c e s s 
c o nti n u e s u ntil t h e pr e s s ur e of A C- a d s or b e nt b e d a n d 
S G - a d s or pti o n b e d r e a c h t h e pr e s s ur e of c o n d e n s er 
P c o n d . 
At t h e ti m e, t h e e ntr a n c e v al v e s V 1  a n d V2
2 ® 3
 t o t h e 
c o n d e n s er ar e o p e n e d. I n t h e n e xt st e p t h e e xt er n al 
h e at s o ur c e c o nti n u o u sl y h e at s t h e S G- s or pti o n r e a ct or 
a n d A C- s or pti o n r e a ct or d uri n g a n i s o b ari c d e s or pti o n 
pr o c e s s ¢2 ® ¢3 f or A C- c y cl e a n d 
A ® B
 f or S G- c y cl e. 
I n t hi s pr o c e s s t h e a d s or b at e ( m et h a n ol) l e a v e s t h e 
s or pti o n r e a ct or a n d i s c o n d e n s e d i n si d e t h e c o n d e n s er 
at i s o b ari c c o oli n g pr o c e s s . I n t hi s ti m e, t h e 
v al v e s V 1 a n d V 2  b et w e e n t h e s or pti o n r e a ct or a n d 
c o n d e n s er ar e cl o s e d i n or d er t o di s c o n n e ct t h e 
s or pti o n r e a ct or fr o m t h e c o n d e n s er a n d st art t h e b e d 
pr e- c o oli n g pr o c e s s. I n t h e c o n d e n s er t h e r efri g er a nt 
v a p or l o s s e s b ot h s e n si bl e h e at a n d l at e nt h e at. 
I n p ar all el wit h t h e d e s or pti o n pr o c e s s, t h e s or pti on 
r e a ct or i s still b ei n g h e at e d a n d t h e pr e s s ur e i n si d e t h e 
b e d i s fi x e d at t h e c o n d e n s er pr e s s ur e. T h e 
t e m p er at ur e c o nti n u e s t o i n cr e a s e u ntil t h e d e s or pti o n 
t e m p er at ur e Tm a x
3 ® 4
. T h e a d s or b at e c o nt e nt i n si d e t h e 
S G - a n d A C- p arti cl e s c o nti n u e s t o d e cr e a s e a s m or e 
a d s or b at e i s b ei n g fr e e d fr o m t h e S G-r e a ct or a n d A C-
r e a ct or. T hi s o p er ati o n c o nti n u e s f or a c ert ai n p eri o d of 
ti m e u ntil n o m or e a d s or b at e c a n b e g e n er at e d fr o m 
t h e b e d a n d t h e r e a ct or t e m p er at ur e r e a c h e s t h e h e at 
s o ur c e t e m p er at ur e [ 1 6]. 
D uri n g a n i s o st eri c pr e- c o oli n g pr o c e s s 
Q 2 3A C
, t h e 
A C a d s or b e nt l o s e s it s h e at 
Q ¢2 ¢3S G
 i n c o nt a ct wit h a h e at 
si n k a n d t h e S G- a d s or b e nt l o s e s it s h e at 
¢3 ® ¢4
 d uri n g 
t h e pr o c e s s B ® C. I n t h e st e p 
C ® D
 t h e r efri g er a nt 
( m et h a n ol fr o m t h e S G a n d A C p arti cl e s) p a s s e s 
t hr o u g h t h e e x p a n si o n v al v e a n d e nt er s t o t h e 
e v a p or at or. D uri n g st e p  t h e r efri g er a nt a b s or b s 
h e at i n a m o u nt of Q e v a p
V ¢1
 fr o m t h e e n vir o n m e nt of 
i nt er e st c o n v ert s t o t h e v a p or. At t h e s a m e ti m e, t h e 
e ntr a n c e v al v e s 
V ¢2
 t o t h e A C- a d s or pti o n r e a ct or a n d 
¢4 ® ¢1
 t o t h e S G- s or pti o n r e a ct or ar e o p e n e d a n d t h e 
a d s or b e nt s ( sili c a g el a n d a cti v at e d c ar b o n) a d s or b t h e 
v a p or r efri g er a nt ( m et h a n ol) d uri n g a n i s o b ari c 
a d s or pti o n pr o c e s s e 4 ® 1 a n d 
Q a dsS G , Q a dsA C
 r e s p e cti v el y. 
D uri n g a n i s o b ari c a d s or pti o n pr o c e s s r el e a s e t h e S G-
s or pti o n r e a ct or a n d A C- s or pti o n r e a ct or t h e h e at 
Q 1 2S C
. T h e r e a ct or i s b ei n g c o ol e d d uri n g t hi s 
p eri o d i n or d er t o r e m o v e t h e g e n er at e d h e at fr o m t h e 
e x ot h er mi c a d s or pti o n. T h e e v a p or ati o n- a d s or pti o n 
pr o c e s s t a k e s pl a c e at t h e c o n st a nt e v a p or at or 
pr e s s ur e.  
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2. G E O M E T R Y M O D E L P A R A M E T E R S O F FI N N E D 
T U B E F O R T H E S O R P TI O N R E A C T O R 
Fi g ur e 3  s h o w s t h e s c h e m ati c vi e w of t h e fi n n e d 
t u b e h e at e x c h a n g er d e v el o p e d i n t hi s st u d y. It m ai nl y 
c o n si st s of: 
1.   T u b e s of c o p p er h a vi n g i n n er di a m et er 1 7. 3 m m 
a n d l e n gt h 4 5 0 m m; 
2.   Fi n s of al u mi n u m c h ar a ct eri z e d b y fi n h ei g ht 
H f= 4 0 c m, fi n t hi c k n e s s s = 1 m m a n d fi n pit c h t f= 4  
m m ; 
3.   M e s h s h e et c o v eri n g t h e m at eri al of t h e h e at 
e x c h a n g er. 
T hi s h e at e x c h a n g er i s c o m p o s e d of fl at t u b e wit h 
r e ct a n g ul ar fi n s. T o d e s or b/ a d s or b 1 k g m et h 
f 1. 1 5 m m
of cir c ul at e d 
r efri g er a nt m a s s fr o m t h e S G- s or pti o n r e a ct or, t h er e 
ar e 4 t u b e s h ori z o nt all y a n d 9 0 fi n s v erti c all y arr a n g e d 
a d s or pti o n h e at e x c h a n g er i n all, b et w e e n 7. 9 k g sili c a 
g el a n d 1. 9 k g m et h a n ol ar e e m pl o y e d. T o d e s or b al s o 
t h e s a m e m a s s e of cir c ul at e d r efri g er a nt, t h er e ar e 2 
t u b e s h ori z o nt all y a n d 9 0 fi n s v erti c all y arr a n g e d 
a d s or pti o n h e at e x c h a n g er i n all, b et w e e n 3. 3 1 k g 
a cti v at e d c ar b o n a n d 1. 3 6 k g m et h a n ol ar e e m pl o y e d. 
Sili c a g el a n d a cti v at e d c ar b o n p arti cl e s ar e t a k e n a s 
s a m e di a m et er ( ). T hi s h e at e x c h a n g er i s 
u s e d a s d e s or b er d uri n g d e s or pti o n c y cl e s a n d a s a n 
a d s or b er d uri n g a d s or pti o n c y cl e s. T h e c h ar a ct eri sti c s 
of t h e fi n e d –t u b e h e at e x c h a n g er u s e d i n S G s or pti o n 
r e a ct or a n d i n A C- s or pti o n r e a ct or h a v e b e e n 
c al c ul at e d a n d li st e d i n t h e T a bl e 1 . 
3. M A T H E M A TI C A L F O R M U L A TI O N 
3. 1. A d s or pti o n a n d D e s o r pti o n E q u ati o n s 
T h e c o n c e ntr ati o n r ati o of t h e r efri g er a nt X [ k g/ k g] 
b y t h e a d s or b e nt p arti cl e s d e p e n d s u p o n t h e pr e s s ur e 
a n d t h e t e m p er at ur e of t h e a d s or b at e. T h e m a xi m u m 
v al u e X m a x  i s d efi n e d b y t h e a m bi e nt t e m p er at ur e a n d 
e v a p or at or pr e s s ur e X m a x  = f( T a m b , Pe v a p ). T h e 
T a bl e 1 : C h a r a ct e ri sti c s of t h e Fi n e d – T u b e C o m bi n e d H e at E x c h a n g e r  
P ar a m et er  S G - h e at e x c h a n g er  A C - h e at e x c h a n g er  U nit  
Di m e n si o n  ´4 5 0 ´1 5 0 4 0 0  ´4 5 0 ´1 5 0 2 0 0  [ m m] 
N u m b er of fl at t u b e  4  2  [-] 
T u b e di a m et er  1 7. 3  1 7. 3  [ m m] 
T u b e t hi c k n e s s  (x )   0. 8  0. 8  [ m m] 
N u m b er of fi n s  9 0  9 0  [-] 
Fi n wi dt h ( B f)  1 5 0  1 5 0  [ m m] 
Fi n pit c h (t f) 4  4  [ m m] 
H e at tr a n sf er ar e a ( A)  1 0. 6 8  5. 3 4  [ m2 ] 
E m pti e d v ol u m e ( V)  0. 0 2 1 2  0. 0 1 0 6  [ m3 ] 
 
 F i g ur e 3: S c h e m ati c di a gr a m f or t h e o n e r e ct a n g ul ar fi n n e d t u b e s or pti o n r e a ct or of t h e AI P s y st e m.  
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c o n c e ntr ati o n s X d uri n g t h e a d s or pti o n a n d d e s or pti o n 
pr o c e s s e s ar e u s u all y d et er mi n e d b y D u bi ni n- A st a k h o v 
e q u ati o n [ 2 0, 2 1]: 
X ( T, P ) = X 0 e x p { − D. [ T. l n( P s a tP  )]
n }          ( 1) 
T h e i niti al a d s or pti o n c o n c e ntr ati o n X 0
r a T( )
 d e p e n d s o n 
t h e a d s or b at e d e n sit y 
X 0 = r a T( ).V 0
 a n d i s r el at e d t o t h e 
m a xi m u m a d s or pti o n c a p a cit y b y t hi s e q u ati o n: 
             ( 2)  
V 0 [m 3 / k g ]w h er e  i s t h e m a xi m u m a d s or pti o n c a p a cit y. D a n d n ar e c o n st a nt s w hi c h c a n b e d et er mi n e d 
e x p eri m e nt all y i n d e p e n di n g o n t h e a d s or b at e/ 
a d s or b e nt p air [ 2 2]. P s at ( T) i s s at ur ati o n pr e s s ur e a n d 
t e m p er at ur e c orr e s p o n di n g t o t h e s or pti o n r e a ct or 
t e m p er at ur e. 
T h e r el ati o n b et w e e n t h e pr e s s ur e a n d t e m p er at ur e 
d uri n g t h e i s o st eri c pr e- h e ati n g a n d pr e- c o oli n g 
pr o c e s s e s at st e a d y st at e c o n diti o n s i s d e s cri b e d b y 
f oll o wi n g e q u ati o n s: 
P = P s a t ( T ) . e x p {− 1T [
1
D  l n (
X 0
X )]
1 n⁄ }         ( 3)  
F or a gi v e n e v a p or at or t e m p er at ur e T e v a p , t h e 
c orr e s p o n di n g e v a p or at or pr e s s ur e, P e v a p  i s t h e 
s at ur ati o n pr e s s ur e of t h e r efri g er a nt v a p or P s at ( Te v a p )  
= P e v a p  c orr e s p o n di n g t o Te v a p . 
A c c or di n g t o e q u ati o n s ( 3) t h e pr o c e s s e s c y cl e of 
AI P s y st e m c a n b e di s pl a y e d v er y w ell i n ( P- T) di a gr a m 
( Fi g ur e 2
X m a xS G
). I n t hi s di a gr a m t h e pr o c e s s e s ar e pl ott e d a s 
t w o tr a p e zi u m s. T h e fir st tr a p e zi u m f or S G- b e d i s 
pl ott e d b et w e e n t h e i s o st er e s X mi nS G a n d  a n d t h e i s o b ar e s Pc o n d  a n d Pe v a p
X m a xA C
. A n ot h er tr a p e zi u m f or A C-b e d 
i s t o o pl ott e d at t h e s a m e di a gr a m wit h diff er e nt v al u e s 
of X mi nA C a n d 
d X
dt = D s o . X e q - X( )
 a n d wit h s a m e e v a p or at or a n d 
c o n d e n s er pr e s s ur e. 
T h e ki n eti c s of s or pti o n d X/ dt i s a s s u m e d t o b e 
g o v er n e d b y a li n e ar dri vi n g f or c e ( L D F) m o d el t h at 
c o ul d b e u s e d t o d e s cri b e i nt er n al m a s s tr a n sf er 
li mit ati o n s wit h littl e err or [ 2 2- 2 4]. T h e t er m of t h e 
m o d el i s gi v e n b y: 
             ( 4)  
W h er e X e q  i s t h e e q uili bri u m c o n c e ntr ati o n at t h e 
c orr e s p o n di n g pr e s s ur e a n d t e m p er at ur e t h at i s 
c al c ul at e d b y D u bi ni n- A st a k h o v E q. ( 1) a n d X  
r e pr e s e nt s t h e a ct u al c o n c e ntr ati o n of t h e a d s or b at e. 
T h e o v er all m a s s tr a n sf er c o effi ci e nt D s o
D s o = 1 1. D orP2
.e - E a /R .T( )
 f or 
a d s or pti o n/ d e s or pti o n i s gi v e n b y: 
             ( 5) 
3. 2. I s o st eri c H e ati n g a n d I s o b ari c D e s or pti o n 
Pr o c e s s e s 
Q h e ats
I n t h e i s o st eri c h e ati n g pr o c e s s, t h e m et h a n ol 
c o n c e ntr ati o n i n t h e h e at e x c h a n g er r e m ai n s c o n st a nt. 
T h e a d d e d e n er g y 
X m a xS P c o n d ,T c o n d( )
 d uri n g t hi s pr o c e s s of t h e 
s or pti o n r e a ct or i s utili z e d t o c a u s e s e n si bl e h e ati n g of 
t h e s or pti o n r e a ct or c o n stit u e nt s. D uri n g i s o b ari c 
d e s or pti o n pr o c e s s t h e m et h a n ol c o n c e ntr ati o n b y 
s or pti o n m at eri al d e cr e a s e s b y i n cr e a si n g d e s or pti o n 
t e m p er at ur e fr o m t h e m a xi m u m v al u e 
X mi nS P c o n d ,T b( )
 
t o t h e mi ni m u m v al u e . T h e v ari ati o n of 
t h e a d s or b at e c o n c e ntr ati o n r ati o al o n g t h e i s o b ari c 
d e s or pti o n pr o c e s s i s d efi n e d b y t h e E q. 1. 
 
Fi g ur e 4:  E n er g y fl o w di a gr a m f or t h e d e s or pti o n r e a ct or 
d uri n g t h e i s o st eri c a n d i s o b ari c h e ati n g pr o c e s s e s. 
Q d e sST h e a m o u nt of t h e a d d e d e n er g y  w hi c h i s r e q uir e d d uri n g t h e i s o b ari c d e s or pti o n pr o c e s s c a u s e s 
al s o s e n si bl e h e ati n g of t h e s or pti o n r e a ct or 
c o n stit u e nt s, a cti v at e s d e s or pti o n of t h e r efri g er a nt 
fr o m t h e a d s or b e nt m e di a ( S G, A C) a n d g e n er at e s t h e 
g a s p h a s e.  
T h e s u m m ati o n of t h e i s o st eri c h e at t o g et h er t h e 
d e s or pti o n h e at i s c all e d t h e i n p ut e n er g y r e q uir e d f or m 
t h e e xt er n al h e at s o ur c e f or g e n er ati o n t h e s or pti o n 
r e a ct or a n d i s gi v e n a s: 
Q i n = ∫ d Q h e ati1 + ∫ d Q d e s
j
i            ( 6) 
Q i n = ∫ [ d Q m cS + d Q s o r b e ntS + d Q a d s o r b atS + d Q v a p o rS ]
𝑖
1
+ ∫ [ d Q m cS + d Q s o r b e ntS + d Q a d s o r b atS
𝑗
𝑖
+ d Q v a p o rS ] 
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Q i n = ∫ [ d Q m cS + d Q s o r b e ntS + d Q a d s o r b atS + d Q v a p o rS ]
𝑖
1
+ ∫ [ d Q m cS + d Q s o r b e ntS + d Q a d s o r b atS
𝑗
𝑖
+ d Q v a p o rS ] 


















Q i n = ∫ ( M t,c u . CP, C u + M f,Al . CP, Al + M S . CP, s ). d T
j
1
+ ∫ ( X m a xS . MS . CV, a + M v . CV, v ). d T
i
1
+ ∫  M S . [ CP, a d ( X. T ) +
j
i
d ( X. h v )]  
Q i n = ∫ ( M t, c u . CP, C u + M f,Al . CP, Al + M S . CP, s ). d T
j
1
+ ∫ ( X m a xS . MS . CV, a + M v . CV, v ). d T
i
1
+ ∫  M S . [ CP, a d ( X. T ) +
j
i
d ( X. h v )]  
i = ¢2
W h er e S i n di c at e s t h e S G a d s or b e nt or t h e A C 
a d s or b e nt d e p e n di n g w h et h er t h e s or pti o n r e a ct or i s 
w or ki n g a s a d s or b er or d e s or b er. T h e fl a g i = 2 a n d j = 3 
i n c a s e t h e A C- b e d i s w or ki n g a s d e s or b er, w h er e a s 
j = ¢3 a n d  i n c a s e t h e S G- b e d i s w or ki n g a s 
d e s or b er. 
3. 3. I s o st e ri c C o oli n g a n d I s o b a ri c A d s or pti o n 
Pr o c e s s e s 
U si n g t h e s a m e m et h o d ol o g y w hi c h h a s b e e n 
f oll o w e d i n t h e l a st s e cti o n, t h e e n er g y w hi c h i s 
r e m o v e d fr o m t h e s or pti o n r e a ct or t o t h e a m bi e nt h e at 
si n k at T a m b
Q c o olS
 i s i n a s e n si bl e f or m d uri n g i s o st eri c 
c o oli n g pr o c e s s 
Q a dsS
 a n d c o n si st s of t h e r e a ct or 
c o oli n g e n er g y i n a d diti o n t o t h e a d s or pti o n e n er g y 
d uri n g t h e i s o b ari c c o oli n g pr o c e s s 
Q o ut
. 
T h e t ot al a m o u nt of e n er g y r e m o v e d fr o m t h e 
r e a ct or d uri n g i s o st eri c a n d i s o b ari c c o oli n g i s c all e d 
t h e o ut p ut e n er g y  a n d i s gi v e n a s f oll o w s: 
 
Fi g ur e 5:  E n er g y fl o w di a gr a m f or t h e a d s or pti o n r e a ct or 
d uri n g t h e i s o st eri c a n d i s o b ari c c o oli n g pr o c e s s e s. 
Q o ut = ∫ d Q c o olω𝑗 + ∫ d Q a d s
1
ω            ( 7) 
Q o ut = ∫ [ d Q m cS + d Q s o r b e n tS + d Q a d s o r b a tS + d Q v a p o rS ]
𝜔
𝑗
+ ∫ [ d Q m cS + d Q s o r b e n tS + d Q a d s o r b atS
1
𝜔
+ d Q v a p o rS ] 
Q o ut = ∫ [d Q m cS + d Q s o r b e n tS + d Q a d s o r b atS + d Q v a p o rS ]𝜔𝑗 +
∫ [d Q m cS + d Q s o r b e n tS + d Q a d s o r b atS + d Q v a p o rS ]1𝜔   


















Q o u t = ∫ ( M t,c u . CP, C u + M f,Al . CP, Al + M S . CP, s ). d T
1
j
+ ∫ ( X mi nS . MS . CV, a + M v . CV, v ). d T
ω
j
+ ∫ M S . [ CP, a d ( X. T ) +
1
ω
d ( X. h v )]  
Q o u t = ∫ ( M t,c u . CP, C u + M f,Al . CP, Al + M S . CP, s ). d T
1
j
+ ∫ ( X mi nS . MS . CV, a + M v . CV, v ). d T
ω
j
+ ∫ M S . [ CP, a d ( X. T ) +
1
ω
d ( X. h v )]  
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w = 4W h er e t h e fl a g 
w = ¢4
 i n c a s e t h e A C- b e d i s w or ki n g a s 
a d s or b er, w h er e a s  i n c a s e t h e S G- b e d i s 
w or ki n g a s a d s or b er. 
3. 4. C o effi ci e nt of P erf or m a n c e ( C O P) 
T o e v al u at e t h e effi ci e n c y of t h e s or pti o n c o oli n g 
c y cl e s, t h e c o effi ci e nt of p erf or m a n c e C O P i s u s e d. I n 
AI P s y st e m, t h e C O P i s d efi n e d a s t h e r ati o of 
e v a p or ati v e r efri g er ati o n e n er g y Q e  t o t h e a m o u nt of 
i n p ut e n er g y r e q uir e d f or m a n e xt er n al h e at s o ur c e Qi n. 
T h e e v a p or ati v e r efri g er ati o n e n er g y pr o d u c e d i n t h e 
e v a p or at or c a n b e c al c ul at e d fr o m: 
Q e = ∫ [( 1 − z ) . Le + ( h e v a p ( T ) − h s at ( Pe v a p ) )]. δ M e v a p      
  ( 8) 
d M e v a p
 
w h er e 
d M v
 i s t h e diff er e nti al d e s or b e d m a s s of 
m et h a n ol v a p o ur t h at l e a v e s t h e e v a p or at or a n d e nt er s 
t h e a d s or pti o n r e a ct or a n d e q u al s t h e t ot al r efri g er a nt 
m a s s c o nt e nt i n si d e t h e S G a d s or b e nt or t h e A C 
a d s or b e nt. T hi s i nfi nit e si m al a m o u nt of m a s s c a n b e 
writt e n, t a ki n g i nt o a c c o u nt t h e m a s s of a d s or b at e 
v a p or , a s f oll o w s: 
δ M e v a p = δ M a d s = [δ M a + δ M v ]a d sS          ( 9) 
δ M e v a p = [ M a . δ X + ρv . ( β − ( 1 − β ) . 𝑖𝑗𝑖 𝑖 . δ X. ). V]a d s
S      ( 1 0) 
T h e c ol d a d s or pti o n s y st e m i s u s e d f or fr e e zi n g 
a p pli c ati o n s; t h e t ot al a m o u nt of t h e i c e pr o d u c e d fr o m 
t h e AI P s y st e m p er c y cl e i s gi v e n b y; 
δ m i c e = δ Q e[ Cc h ,i n. ( Tc h ,i n− 2 7 3 ) + L f + C i c e. (2 7 3 − T e )]          ( 1 1) 
3. 5. S p e cifi c C o oli n g P o w er ( S C P)   
S C P = Q eM s .tc y c l e
It i s d efi n e d a s t h e r ati o of e v a p or ati v e r efri g er ati o n 
e n er g y t o t h e m a s s of dr y s or pti o n m at eri al m ulti pli e d 
b y t h e c y cl e ti m e. T h e S C P r e pr e s e nt s t h e a m o u nt of 
r efri g er ati o n p o w er pr o d u c e d p er u nit m a s s of dr y 
a d s or b e nt, E q. 1 2. 
            ( 1 2) 
3. 6. Effi ci e n c y of t h e R efri g er ati o n Utili z ati o n  
m mS
I n t h e pr e s e nt st u d y t h e cir c ul at e d r efri g er a nt m a s s 
t hr o u g h t h e s y st e m i s t a k e n a s c o n st a nt v al u e of 1 k g i n 
t h e si m ul ati o n. I n or d er t o a s s e s s t h e eff e cti v e n e s s of 
r efri g er ati o n m a s s utili z ati o n o n t h e AI P s y st e m t h e 
effi ci e n c y of r efri g er ati o n m a s s utili z ati o n 
m mS
 i s u s e d. 
T hi s p ar a m et er i s d efi n e d a s t h e r ati o b et w e e n t h e 
cir c ul at e d r efri g er a nt m a s s t o t h e t ot al r efri g er a nt m a s s 
w hi c h i s c orr e s p o n d t o m a xi m u m v al u e of a d s or b at e 
u pt a k e a n d r e q uir e d t o c h ar g e e a c h t h e b e d t o 
d e s or b/ a d s or b 1 k g . T h e 
µ ms =
M r efS
M S . X m a xS - X mi nS( )
 i s gi v e n b y; 
          ( 1 3) 
4. C A L C U L A TI O N P R O C E D U R E  
T h e a n al y si s of t h e A d s or pti o n I c e M a k er AI P 
s y st e m wit h t w o- h e at e x c h a n g er h a s b e e n i n v e sti g at e d 
u si n g a si m ul ati o n pr o gr a m writt e n i n M atl a b.  T hi s 
pr o gr a m i s d e si g n e d t o a n al y z e t h e t h er m o d y n a mi c 
c y cl e p ar a m et er s of t hi s t e c h ni q u e. T h e a b o v e 
m e nti o n e d s et of c o u pl e d e q u ati o n s i s s ol v e d b y fi nit e 
diff er e n c e a p pr o xi m ati o n wit h a t e m p er at ur e st e p of 
o n e gr a d C el si u s a n d wit h a ti m e st e p of o n e s e c o n d. 
T h e i n v e sti g ati o n f o c u s e d o n t h e eff e ct of t h e diff er e n c e 
ti m e of d e s or pti o n a n d a d s or pti o n pr o c e s s e s f or S G 
a n d A C a s a d s or b e nt s, t h e s or pti o n r e a ct or 
t e m p er at ur e Tb , t h e t h er m al p erf or m a n c e ( c o effi ci e nt of 
p erf or m a n c e C O P a n d s p e cifi c c o oli n g p o w er S C P) 
a n d t h e a m o u nt of pr o d u c e d i c e m i c e. 
T a bl e 2 : T h e C h a r a ct e ri sti c s of M a x s or b  A cti v at e d C ar b o n a n d Sili c a G el U s e d i n t hi s St u d y. ( D at a R e p o rt e d b y K a n a si 
C o k e a n d C h e mi c al, J a p a n)  
P ar a m et er  A cti v at e d C ar b o n  Sili c a G el  
A b s ol ut e D e n sit y  𝑗 𝑗  4 0 0 -6 0 0  [ k g/ m3 ] 7 0 0 -7 5 0  [ k g/ m3 ] 
B E T S urf a c e Ar e a  2 2 5 0  [ m2 / gr] 8 0 0  [ m2 / gr] 
S p e cifi c H e at C a p a cit y 𝑖 𝑖  0. 9 3  [ k J/ k g. K] 0. 8 5  [ k J/ k g. K] 
P or o sit y 𝑗  0. 8 5 8  0. 5  
X 0  1. 2 4  k g m / k ga c  0. 3 5  k g m / k ga c  
n  2, 0  1, 7  
D  4. 0 2 2 ´ 1 0 - 6  9. 0 8 ´ 1 0 - 6  
E a  3 0 6. 7 6 6  [ k J/ k g] 1 3 1 0. 7 6  [ k J/ k g] 
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T h e c a s e i n v e sti g at e d i n t h e pr e s e nt st u d y i s a n i c e 
m a k er at a n e v a p or ati o n t e m p er at ur e of - 3 o C. T h e n e w 
str at e g y o p er at e s wit h b ot h sili c a g el/ m et h a n ol a s a 
w or ki n g p air i n t h e S G- b e d a n d o p er at e s wit h a cti v at e d 
c ar b o n/ m et h a n ol a s a w or ki n g p air i n t h e A C- b e d of AI P 
s y st e m. T h e c h ar a ct eri sti c s of a cti v at e d c ar b o n a n d 
sili c a g el, u s e d i n t h e st u di e d s y st e m, ar e s h o w n i n 
T a bl e 2 . T o a d s or b or d e s or b t h e s a m e a m o u nt of t h e 
cir c ul at e d r efri g er a nt t hr o u g h t h e AI P s y st e m i n c a s e 
t h e A C- b e d i s w or ki n g or t h e S G- b e d i s w or ki n g, t h e 
a n al y si s of t h e c o oli n g pr o c e s s e s a n d a d s or pti o n/ 
d e s or pti o n pr o c e s s e s f or t w o s or pti o n r e a ct or 
t h e or eti c al w er e si m ul at e d b y u si n g 3. 3 1 k g of a cti v at e d 
c ar b o n, 1. 3 6 k g of m et h a n ol i n t h e A C - s or pti o n r e a ct or 
of 2. 6 7 m 2  h e at tr a n sf er ar e a a n d b y u si n g 7. 9 5 k g of 
sili c a g el, 1. 9 k g of m et h a n ol i n t h e S G- s or pti o n r e a ct or 
of 5. 3 4 m 2  h e at tr a n sf er ar e a. T h er ef or e t h e 
c o nfi g ur ati o n of t h e s e s or pti o n el e m e nt s i s n’t i d e nti c al. 
I n t h e pr o p o s e d d e si g n t h e eff e ct of m et alli c c a si n g of 
t h e c o m- a d s or pti o n b e d i s t a k e n i nt o a c c o u nt. 
T a bl e 3: T h e B a s e P a r a m et e r s U s e d i n t hi s C a s e St u d y 
P ar a m et er  V al u e  P ar a m et er  V al u e  
T e v a p  -3  ° C  T a m b  2 7  ° C 
T c o n d  3 2  ° C T m a x  1 0 0  ° C  
P e v a p  3. 3  [ k P a] P c o n d  2 4  [ k P a] 
 
T h e b a s e p ar a m et er s u s e d i n t hi s c a s e st u d y ar e 
s u m m ari z e d i n T a bl e 3 . T h e li q ui d a n d v a p or 
t h er m o d y n a mi c pr o p erti e s of m et h a n ol h a v e b e e n 
c al c ul at e d fr o m t h e m et h a n ol e q u ati o n s [ 2 5]. T h e 
si m ul ati o n u s e s e m b e d d e d R ef pr o p t h er m o p h y si c al 
pr o p erti e s of m et h a n ol. 
5. R E S U L T S A N D DI S C U S SI O N 
5. 1. Pr e s s u r e Pr ofil e 
3. 3 1 k P a
T h e pr e s s ur e of b ot h t h e S G- b e d a n d A C- b e d ri s e s 
fr o m t h e e v a p or at or pr e s s ur e at  c orr e s p o n d-
i n g t o e v a p or ati o n t e m p er at ur e - 3 o C t o t h e hi g h e st 
c y cl e pr e s s ur e at t h e c o n d e n s er of 2 4 k P a 
c orr e s p o n di n g t o c o n d e n s ati o n t e m p er at ur e 3 2  o C. I n 
Fi g ur e 6
¢1 , ¢2 , ¢3 , ¢4
 t h e v ari o u s m o d e s of t h e AI P s y st e m ar e 
d e si g n at e d b y n u m b er s:  c y cl e pr o c e s s e s of 
S G - a d s or b e nt b e d a n d 1, 2, 3, 4 c y cl e pr o c e s s e s of 
A C - a d s or b e nt b e d. T h e r e s ult c orr e s p o n d s t o t h e i d e al 
c y cl e di s pl a y e d i n Fi g ur e 2  b a s e d t o t h e E q. 3. 
Alt h o u g h e a c h of a d s or b e nt b e d w a s fill e d b y diff er e nt 
s or pti o n m at eri al, w e c a n n oti c e t h e pr e s s ur e v ari ati o n 
i n si d e t h e S G- b e d a n d A C- b e d r el at e d t o t h e 
t e m p er at ur e r e m ai n s i d e nti c al; 
T h e pr e s s ur e v ari ati o n of o n e c o m pl et e c y cl e wit h 
ti m e i n si d e t h e S G- a d s or b e nt b e d a n d A C- a d s or b e nt 
b e d h a v e al s o b e e n st u di e d a n d d e m o n str at e d i n 
Fi g ur e 7
P e v a p T e v a p =- 3 o C( ) = 3. 3 1 k P a
. D uri n g t h e a d s or pti o n pr o c e s s t h e pr e s s ur e i n 
t h e S G- a n d A C- b e d i s s et wit h r e g ar d t o t h e 
e v a p or ati o n pr e s s ur e of m et h a n ol i n t h e e v a p or at or 
 P c o n d (T c o n d = 3 2 C ) = 2 4 k P a
, w hi c h gi v e s t h e l o w er li mit. 
D uri n g t h e d e s or pti o n pr o c e s s t h e pr e s s ur e i n t h e S G-
a n d A C- b e d i s s et wit h r e g ar d t o t h e c o n d e n s ati o n 
pr e s s ur e i n t h e c o n d e n s er , w hi c h 
gi v e s t h e u p p er li mit. B y t h e i s o st eri c h e ati n g a n d 
c o oli n g t h e pr e s s ur e c h a n g e s b y v ari ati o n t h e 
t e m p er at ur e i n t h e h e at e x c h a n g er s of t h e AI P s y st e m.  
 
F i g ur e 6: V ari ati o n of t h e s or pti o n r e a ct or pr e s s ur e v er s u s t h e t e m p er at ur e al o n g t h e c y cl e pr o c e s s e s f or; ( a ) A C-b e d a n d ( b ) 
S G -b e d.  
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In Figure 7 the cycle processes of SG-sorption 
reactor and AC-sorption reactor are displayed. Both the 
adsorption and desorption processes of SG-cycle take 
about 100 sec, whereas adsorption and desorption 
processes of AC-cycle are completed in about 185 sec. 
Consequently; both of the adsorbents work under the 
same pressures but with the different time. 
5.2. Adsorption Uptake Profile 
Because the equilibrium adsorbate concentration of 
silica gel is rather low and usually doesn’t exceed 0.24 
[kg/kg], the second sorption reactor was filled by 
activated carbon as adsorbent, whereas the adsorbate 
concentration of activated carbon reaches 0.42 [kg/kg]. 
The variation of the adsorbate concentration by 
particles of the different adsorbents inside both the SG-
bed and AC-bed has been simulated and demonstrated 
versus the temperature along the cycle processes in 
Figure 8. 
From this plot, the adsorbate concentration ratio XSG 
of SG-bed varies between its maximum value of 0.24 
[kgmeth/kgSG] to its minimum value of 0.11 kgmeth/kgSG 
during the cycle and the adsorbate concentration ratio 
XAC of AC-bed varies between its maximum value of 
0.42 kgmeth/kgAC to its minimum value of 0.11 
kgmeth/kgAC during the cycle. 
Based on the properties of the adsorbents and 
calculations Eq. 1 and Eq. 2 it is found, the desorption/ 
adsorption process inside the AC-bed takes more time 
than that of Silica gel, therefore the first sorption 
reactor was filled by silica gel as adsorbent. The 
different characteristic times for adsorption and 
desorption processes during the SG-bed and the AC-
bed results from different mass transfer coefficient in 
Eq. 5. 
Figure 9a shows plotting of the adsorbate 
concentration inside the SG-/AC-sorption reactor, 
 
Figure 7: Variation of the SG-/AC- sorption reactor pressure along the cycle time. 
 
Figure 8: Variation of the adsorbate concentration with temperature along the cycle processes. 
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which is demonstrated along the cycle time. Based on 
the simulation results which are calculated for 1 kgmeth 
of the desorbed refrigerant mass, it is found that the 
SG-bed reaches the end of desorption process faster 
than AC-bed. 
As noticed from the Figure 9b, the adsorbate mass 
is continuously varying throughout the cycle operations. 
No changes of the adsorbate refrigerant mass are 
observed during both isosteric preheating and 
precooling processes. 
In the isobaric desorption phase, the desorbed 
methanol mass increases mref with temperature due to 
the decrease in refrigerant density with increasing 
temperature. During the isobaric heating process, the 
mass of the adsorbate phase (methanol) in the SG-
particles Ma
SG  and in the AC-particles Ma
AC  are 
continuously decreasing since the refrigerant is being 
freed from the sorption reactor and flows towards the 
condenser. During the isobaric cooling process, the 
Ma
SG  and Ma
AC  are continuously increasing, because 
the refrigerant leaves from the evaporator and flows 
into the sorption reactor. Hence, the concentration ratio 
is continuously increasing along this process. 
Figure 9b shows variation of the adsorbate 
refrigerant mass inside both the SG- and AC-sorption 
reactor along the cycle time. The maximum and 
minimum values of the adsorbate concentration by SG-
bed correspond to a maximum and minimum contents 
of an adsorate mass of 1.9 kg and 0.9 kg, respectively, 
whereas by AC-bed this corresponds to a maximum 
and minimum contents of an adsorbate mass of 1.36 
kg and 0.36 kg, respectively. As a result, the refrigerant 
mass utilization efficiency is estimated to be 73 % by 
AC-bed and 53 % by SG-bed, although 1 kgmeth 
circulated refrigerant mass was used for both cases. 
The results are simulated for 1 kgmeth of circulated 
refrigerant amount, therefore the minimum adsorbate 
concentration of SG-bed is limited by the heat source 
temperature 100 OC and the minimum adsorbate 
concentration of AC-bed is limited by the heat source 
temperature 84 OC. 
5.3. Variation of the Desorbed Refrigerant Mass 
Both the SG-bed and the AC-bed starts the 
generation (desorption) process at a temperature of 
about 67 OC, but the SG-bed starts the adsorption 
process at a temperature of about 56 OC, whereas the 
AC-bed starts that at a different temperature of 24 OC. 
 
Figure 9(a): Variation of the adsorbate concentration ratio along the cycle time. (b): Variation of the adsorbate mass during 
cycle processes of SG-/AC-bed along the cycle time. 
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The Figure 10 shows the evolution of the desorbed 
refrigerant mass that leaves the SG-particles and AC-
particles with the temperature and along the time of the 
desorption process. 
For operating the AIP system (SG-bed and AC-bed) 
at same the circulated refrigerant mass through the 
system of 1 kgmeth, at same the evaporator temperature 
of Te= -3 OC and at same the condenser temperature of 
Tc= 32 OC it is found, to desorb 1 kgmeth the SG-bed 
reaches the minimum value of the adsorbate 
concentration after a period of time about 100sec and 
during this process the SG-bed is heated up to the 
maximum desorption temperature of 100 OC. Whereas 
to desorb the same masse of refrigerant 1 kgmeth the 
AC-bed reaches the minimum value of the adsorbate 
concentration after 185 sec and during this process the 
AC-bed is heated up to only 84 OC. 
5.4. Variation of the Adsorbed Refrigerant Mass  
The Figure 11 shows the variation of the adsorbed 
refrigerant mass from the SG-bed and from the AC-
bed. To adsorb 1 kgmeth of the methanol refrigerant the 
SG-bed starts with adsorption process at 56 OC and 
reaches the maximum value of adsorbate uptake 24 % 
after 100 sec at the ambient temperature of 27 OC. To 
adsorb the same mass of methanol refrigerant 1 kgmeth 
the AC-bed starts with adsorption process at 42 OC and 
reaches the maximum value of adsorbate uptake 42 % 
after 185 sec at the ambient temperature of 27 OC. 
Based on the simulation results for desorption/ 
adsorption the refrigerant mass of 1 kgmeth, it is found 
that the SG-bed was filled by 1.9 kg of adsorbate liquid 
(methanol), whereas the AC-bed was filled only by 1.36 
kg. The time difference is mainly caused by the 
 
Figure 10: Evolution of the desorbed refrigerant mass during desorption process. 
 
Figure 11: Evolution of the adsorbed refrigerant mass during adsorption process. 
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temperature dependence of the mass transfer 
coefficient Dso(Eq. 4). Including the isosteric heating 
and cooling processes a complete cycle for SG-bed 
takes about 350 sec, whereas a complete cycle for AC-
bed takes about 550 sec. 
5.5. Effect of Desorption Temperature on COP and 
SCP 
Figure 12 shows the influence of desorption 
temperature on the two bed AIP system COP for the 
SG- and AC- bed. It is seen that COP increases as 
desorption temperature is increased. This is because 
the amount of refrigerant (methanol) circulated 
increases from 0 to 1 kgmeth, due to increased 
refrigerant desorption with higher driving source 
temperature. 
Nevertheless the desorbed methanol amount from 
SG-bed and from AC-bed is similar and the 
refrigeration energy produced Qe inside the evaporator 
estimated to 1200 kJ with using not only SG-bed but 
also AC-bed, it is found based on the simulation 
results, that the COP for the AIP system in case of 
using SG-bed at the selected point of operation (Te = -3 
OC, Tc = 32 OC, Th,in = 100 OC) is about 44 %, whereas 
the COP for the AIP system using AC-bed at the 
selected point of operation (Te = -3 OC, Tc =32 OC, Th,in = 
85 OC) is about 66 %. 
The difference in the values of the coefficient 
performance for the AIP system is caused by variations 
in the driving energy required Qin by SG-sorption 
reactor and by AC-sorption reactor. To desorb 1 kgmeth 
of refrigerant mass, the driving energy required by SG-
bed is more than that required by AC-bed. This is 
because the SG-bed must been heated up to 
desorption temperature of 100 OC, whereas the SG-bed 
must be heated up to 84 OC from AC-bed.  
 
Figure 12: Effect of the desorption temperature on the coefficient performance of the AIP system. 
 
Figure 13: Effect of the desorption temperature on the specific cooling power of the AIP system. 
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In Figure 13 the specific cooling power SCP is 
depicted with the variation of desorption temperature 
inside both the SG and AC sorption reactor. It is seen 
that SCP of the proposed cycle is also increased with 
increase of desorption temperature as we observed for 
COP. Although the sorption kinetic with silica gel is 
faster, the much higher power density SCP of the AIP 
system is mainly reached by activated carbon. This is 
because the density of the sorption material, which 
affects the used amount of adsorbent. 
It is found the amount of activated carbon is smaller 
than the amount of silica gel to desorb or adsorb the 
same circulated refrigerant through the AIP system. 
SCP is Inversely proportional to Ms the amount of the 
sorption material Eq. 12. 
5.6. The Amount of Produced Ice and the 
Refrigeration Capacity 
From Figure 14, it can be seen the refrigeration 
capacity 
 Qe
 increases with an increase in Tdes. When 
desorption temperature increases, the cycle refrigerant 
mass mref will increase and the evaporative 
refrigeration energy Qe produced in the evaporator will 
increase. 
Whereas the amount of circulated refrigerant mass 
through the AIP system is same for both adsorbents, 
the resulting refrigeration energy Qe is same due to the 
same heat of vaporization which corresponds to the 
same refrigerant (methanol) by the different adsorbents 
and the same evaporator temperature Eq. 8. But the 
refrigeration capacity 
 Qe kW[ ] is different. This is 
 
Figure 14: Effect of the desorption temperature on the refrigeration capacity of the AIP system. 
 
Figure 15: Evolution of the amount of ice produced during the time of one cycle.  
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caused by the different adsorption time. SG-bed takes 
about half of the adsorption time for the AC-bed. 
Comparing the resulting refrigeration capacity from the 
SG-bed with the results from the AC-bed shows that 
 Qe
SG  is about 11.34kW, whereas 
 Qe
AC  is only 6.29 kW. 
The Eq. 11 shows that the ice produced is 
proportional to the refrigeration energy. The amount of 
ice produced per one complete cycle of the AIP system 
is shown in the Figure 15. 
If the SG-bed or the AC-bed works, the system 
produces the same mass of ice of 3 kg at -3 OC from 
water at a source temperature of 15 OC. Therefore the 
amount of the ice produced from this system estimated 
to 6 kg per cycle. Based on the simulation results it is 
found, that every 1 kg of silica gel-particles inside the 
SG-sorption reactor produces ice mass of 0.38 kg per 
cycle under the hot water inlet temperature of 100 OC. 
and every 1 kg of activated carbon-particles inside the 
AC-sorption reactor produces ice mass of 0.9 kg per 
cycle under the hot water inlet temperature of 84 OC. 
The amount of produced ice is shown in Figure 16 
versus the desorption temperature for a given inlet 
chilled water temperature Tch,in. As a result of using this 
technique we can note that AIP–system works 
effectively, because the increasing the inlet chilled 
water temperature slightly reduces the rate of increase 
in the amount of produced ice. As noticed from the 
Figure 16, the decrease in the amount of ice produced 
per cycle with variation of the inlet chilled water 
temperature from 15 °C to 25 °C is estimated to be 
11 % by AC-cycle and 9 % by SG-cycle. 
SUMMARY AND CONCLUSIONS 
The theoretical and thermodynamic investigation of 
the two bed AIP system that works using silica gel-
methanol in the first sorption bed and activated carbon-
methanol in the second bed was done to improve the 
refrigeration capacity and save the driving energy 
based on using the advantages of physical properties 
of both adsorbents SG and AC. To achieve that, two 
finned tube- heat exchangers for each sorption reactor 
are investigated to desorb/adsorb the same amount of 
the refrigerant (methanol). The analytical model was 
simulated using MATLAB software.  
This two bed AIP system can utilize the fluctuated 
heat source temperature between 65 and 100 OC to 
produce effective cold (ice) along with a coolant inlet 
from 15 to 25 OC. The main feature of the proposed AIP 
system is the ability to be driven by relatively low 
temperature heat source. Simulation results showed 
that the heat exchanger filled with AC particles can 
save the input energy from heat source about 46 % 
and the heat exchanger filled with SG particles takes 
about half of the desorption/adsorption time compared 
with the AC-bed to desorb or adsorb the same amount 
of the circulated methanol through the system. The 
analysis of the cooling processes and adsorption/ 
desorption processes for two sorption reactor 
theoretical were simulated by using 3.31 kg of activated 
carbon, 1.36 kg of methanol in the AC-sorption reactor 
of 2.67 m2 heat transfer area and by using 7.95 kg of 
silica gel, 1.9 kg of methanol in the SG-sorption reactor 
of 5.34 m2 heat transfer area.  
 
Figure 16: Effect of inlet chilled water and desorption temperature on the amount of ice produced.  
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The simulation results showed that 6 kg of ice per 
cycle could be produced from this AIP system 3 kg of 
ice, produced in case the AC-sorption reactor is 
working, could be obtained with a COP equals 0.66 
under the hot water inlet temperature of 84 OC whereas 
the evaporation temperature of -3 OC. This amount of 
ice produced is also 3 kg with using SG- sorption 
reactor but the system in this case attains a coefficient 
of performance COP of 44 % under the hot water inlet 
temperature of 100 OC whereas the evaporation 
temperature of -3 OC. Nevertheless the SG-bed is 
heated up along the isobaric desorption to 100 OC and 
AC-bed to 85 OC, the desorption process during the 
AC-bed takes more time about 185 sec, whereas this 
process takes time about 100 sec during SG-bed. 
Comparing the resulting refrigeration capacity from the 
SG-bed with the results from the AC-bed shows that 
the is about 11.34 kW, whereas the is only 6.29 kW. 
Nevertheless the SG-bed takes less time for the 
desorption/adsorption compared with the AC-bed, the 
integral heating energy required during one cycle is 
higher by for the SG-bed. This is because of the 
physical properties of silica gel as adsorbent compared 
with the physical properties of activated carbon such as 
the activation energy Ea[kJ/kg] and the mass transfer 
coefficient Dso[1/sec]. Consequently, The utilization of 
silica gel and activated carbon as adsorbents together 
in an adsorption machine make it possible to increase 
the desorbed mass rate of refrigerant and hence it has 
the potential to provide higher refrigeration capacity 
and to produce continuous amount of ice. 
HIGHLIGHTS 
 The AIP system in this study comprises with two 
sorption reactors, that the first sorption reactor 
was filled by silica gel and the second sorption 
reactor by activated carbon. Methanol was used 
as adsorbate and refrigerant with both the beds. 
 The theoretical and thermodynamic investigation 
of the two bed AIP system was done to improve 
the refrigeration capacity and save the driving 
energy based on using the advantages of 
physical properties of both adsorbents SG and 
AC. To achieve that, two finned tube- heat 
exchangers for each sorption reactor are 
investigated to desorb/adsorb the same amount 
of the refrigerant (methanol).  
 
 The results showed, that the AIP system attains 
a coefficient of performance COP of 66 % when 
the AC-bed is working and attains of 44 % when 
the SG-bed is working. The amount of the ice 
produced from the system estimated to 6 kg per 
cycle (3 kg is produced from each of bed). 
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